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Abstract— In this work, topologically-protected plasmon transport is demonstrated in graphene-
based plasmonic crystal waveguides, the main ideas being subsequently applied to optically and
chemically controllable nanodevices. In two configurations of topological graphene metasurfaces
created by breaking their inversion symmetry, symmetry-protected Dirac cones associated to
the underlying metasurfaces are gapped out, which leads to the formation of topological valley
modes inside the nontrivial bandgap. The propagation of the corresponding topological modes
shows unidirectional characteristics in both cases. Based on the proposed plasmonic topological
waveguides, an active optical nanoswitch and a gas molecular sensor are designed by optically
and chemically tuning the frequency dispersion of graphene metasurfaces via Kerr effect and
gas molecular absorption, respectively. Specifically, the variation of the frequency dispersion of
graphene can switch the topological mode into the region of leaky bulk modes, resulting in a
dramatic variation of the plasmon transmission. Our work may contribute to the development
of new ultracompact and ultrafast active photonic nanodevices based on graphene.

1. INTRODUCTION

Topologically protected edge states with large propagation distance and broadband spectral range
are known to be robust against disorder-induced backscattering [1, 2, 3]. Topological photonic
modes can emerge inside a nontrivial bandgap, which can be realized by gapping out symmetry-
protected Dirac cones[1, 2, 3]. Specifically, the time-inversion-symmetry of the photonic system
can be broken by adding an external static magnetic field [4, 5], and the breaking of the spatial-
inversion-symmetry can be achieved by dint of spatial perturbations [6, 7]. Most of the previous
studies on topological photonics have focused on photonic crystals and linear photonic systems,
but applying topological photonics ideas to two-dimensional (2D) photonic materials like graphene,
which possesses promising nonlinear optical properties, makes it possible to develop novel integrated
ultracompact graphene-based photonic nanodevices [8, 9, 10].

In this work, we present topologically protected plasmon transport in graphene plasmonic waveg-
uides created by breaking the inversion symmetry of two graphene structures: i) a single graphene
nanohole metasurface and ii) a bilayer graphene metasurfaces. In both cases, the underlying
graphene metasurfaces consist of a hexagonal periodic distribution of air nanoholes in a uniform
graphene sheet. By introducing extra nanoholes or by horizontally shifting the top graphene layer,
the spatial-inversion-symmetry-protected or mirror-symmetry-protected Dirac cones associated to
the two configurations are gapped out, respectively. As a result, topological valley interfacial modes
emerge inside the nontrivial bandgap and show unidirectional properties along the domain-wall in-
terface in both cases. Furthermore, based on the strong Kerr effect and chemically-tunable optical
property of graphene, an active optical nanoswitch implemented in the single graphene metasurface
and a chemically controllable gas molecular sensor implemented in bilayer graphene metasurfaces
are investigated. Our computational results quantitatively characterize the high functionality of
the optically controllable nanoswitch and the high sensitivity of gas molecular sensor.

2. TOPOLOGICALLY PROTECTED GRAPHENE PLASMONIC WAVEGUIDES

The schematic of a single graphene nanohole metasurface is shown in Fig. 1(a). The graphene
nanohole waveguide is constructed by combining two graphene nanohole crystals with a mirror
symmetric domain-wall interface. In order to illustrate the hexagonal periodic distribution of air
nanoholes, the unit cell of the graphene nanohole metasurface with two kinds of nanoholes with
radius R and r is presented in Fig. 1(b). In our simulations, we set the lattice constant of single
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Figure 1: Single graphene nanohole plasmonic waveguide. (a) Schematic of the single graphene nanohole
crystal waveguide with a domain-wall interface generated by mirror symmetric left- and right-hand side
domains. (b) Unit cell of the single graphene nanohole crystal with lattice constant, a, and two types of
nanoholes with radii R and r. (c) Projected band diagram of single graphene nanohole crystal waveguide
(blue region), topological valley mode (red line), nontrivial bandgap (yellow region) and bulk mode (green
line) determined for extra nanoholes r = 50 nm. (d) Field distribution of unidirectional topological interfacial
mode [Es at 11.4 THz in Fig. 1(c)] along the positive direction of the x-axis under a left-circular polarized
(LCP) source. (e) Field distribution of unidirectional topological interfacial mode along negative x-axis
under a right-circular polarized (RCP) source.

graphene nanohole metasurface a = 400
√

3 nm and the radius of nanohole R = 140 nm. By
introducing the smaller nanoholes (r = 50 nm in our case), the C6v spatial-inversion symmetry of
single graphene nanohole metasurface that protects Dirac cone is broken [11].

In order to identify the topological interfacial mode and nontrivial bandgap, a finite graphene
nanohole supercell with a mirror symmetric domian-wall interface is analyzed, and the projected
band diagram of single graphene nanohole metasurfaces is shown in Fig. 1(c). We can see that
a nontrivial frequency bandgap marked by yellow region is opened in the frequency range from
11.1 THz to 11.8 THz, which is sandwiched by two bulk domains marked by blue regions. More
importantly, a topological interfacial mode represented by the red line indeed emerges inside the
nontrivial bandgap. Moreover, the unidirectional characteristics of the light propagation of topo-
logical interfacial mode Es in Fig. 1(c) is demonstrated in Fig. 1(d)(e). When the single graphene
nanohole plasmonic waveguide is excited by a 11.4 THz left-circular polarized (LCP) source, the
light propagation of topological interfacial mode is confined and focused at the domain-wall interface
along the positive x-axis. In contrast, the light propagation of topological interfacial mode along
the negative x-axis of the domain-wall interface is excited by a 11.4 THz right-circular polarized
(RCP) source.

Unlike the configuration of single graphene nanohole metasurface with spatial-inversion symme-
try breaking, bilayer graphene plasmonic metasurfaces with a novel mechanism of mirror symmetry
breaking between two graphene layers are investigated. The schematic of bilayer graphene plas-
monic metasurfaces is given in Fig. 2(a), which is composed of two graphene nanohole crystal layers
with a separation distance h = 90 nm in z-axis. The left and right half domains of the top layer are
horizontally shifted along opposite directions in y-axis with respect to the bottom layer, leading
to the formation of a mirror-symmetric domain-wall interface. As shown from the top view of the
unit cell of bilayer graphene metasurfaces (Fig. 2(b)), the top and bottom graphene layers consist
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Figure 2: Bilayer graphene plasmonic metasurfaces. (a) Schematic of the bilayer graphene plasmonic meta-
surfaces with a separation distance h in z-axis. The mirror symmetric domain-wall interface is generated
by a horizontal shift between two halves of top layer with respect to the bottom layer along positive and
negative y-axis, respectively. (b) Top view of the unit cell of bilayer graphene metasurfaces with the lattice
constant, a′, and the radius of nanoholes in both layers, r′. The center of the top unit cell O′ is horizontally
shifted with respect to the center of the bottom unit cell O with a shift distance s. (c) Projected band dia-
gram of bilayer graphene metasurfaces with topological valley mode (red line) and trivial edge modes (blue
lines) in the nontrivial bandgap (yellow region), determined for shift distance s = 100 nm. (d) Unidirectional
propagation of topological interfacial mode along the positive x-axis excited by a LCP source, corresponding
to 1© at 14.16 THz in Fig. 2(c). (e) Unidirectional propagation of topological interfacial mode along the
negative x-axis excited by a RCP source, corresponding to 2© at 14.16 THz in Fig. 2(c).

of a same nanohole r′ etched in a hexagonal lattice. We set the lattice constant of bilayer graphene
metasurfaces a′ = 400 nm, the radius of nanohole r′ = 100 nm and the shift distance s = 100 nm.

Since the mirror symmetry between two graphene metasurfaces can be broken via a horizontal
shift [12], the projected band diagram of bilayer graphene plasmonic metasurfaces is analyzed,
and the result is presented in Fig. 2(c). The yellow strip represents the nontrivial bandgap in the
frequency range from 13.96 THz to 14.17 THz, and the topological interfacial mode is represented by
the red line. Note that the projected band diagram is analyzed based on a finite bilayer graphene
supercell, and consequently trivial edge modes marked by blue lines can also emerge inside the
bandgap. At the chosen frequency 14.16 THz, the frequency line only crosses the topological band
at two points 1© and 2© inside the bandgap. These two points have opposite k vectors and sign of
the slope of their dispersion curves, which can lead to corresponding light propagation in opposite
directions along the domain-wall interface as shown in Fig. 2(d)(e). When a LCP and a RCP
excitation source at 14.16 THz are placed in the center of the bilayer graphene plasmonic waveguide,
the light of excited topological interfacial mode is highly confined and propagates along the positive
(point 1©) and negative (point 2©) x-axis, respectively.

3. OPTICALLY AND CHEMICALLY CONTROLLABLE NANODEVICES

The unidirectional characteristics of topological interfacial mode in both proposed graphene config-
urations has great potential on the development of novel nanodevices. In this work, an active op-
tically controllable nanoswitch and a chemically controllable gas molecular sensor are investigated,
based on the single graphene nanohole waveguide and the bilayer graphene plasmonic metasurfaces,
respectively. As a promising material with large nonlinear refractive index and tunable chemical
potential [13, 14], graphene plays a significant role in tuning the refractive index of the whole pho-
tonic system, resulting in the shift of frequency dispersion of graphene metasurfaces, especially the
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Figure 3: (a) Schematic of the optically controllable nanoswitch based on the single graphene nanohole
plasmonic crystal waveguide. The input power Psin and the output power Psout

of the signal beam excited
by a LCP source at 11.4 THz are measured under the pump of a bulk mode Eb (blue region). (b) Transmission
ηs of signal beam with respect to the variation of pump power Pp under the cases pumped by three bulk
modes with different group velocities in Fig. 1(c). (c) Schematic of the chemically controllable gas molecular
sensor implemented in the bilayer graphene plasmonic metasurfaces, which is composed of three bilayer
regions. The middle region II is used to absorb the gas molecules (NO2) in order to realize the chemical
doping. The input power Pin and the output power Pout of the topological interfacial mode are collected
under a LCP excitation source at 14.16 THz. (d) Transmission ηt of the topological interfacial mode with
respect to the concentration C of NO2 gas molecules in the environment, determined for different lengths of
region II.

positions of nontrivial bandgap and topological interfacial mode.
In the case of the topological waveguide based on single graphene nanohole metasurface, an

active optically controllable nanoswitch is schematized in Fig. 3(a). Based on the strong Kerr
effect in graphene, the whole graphene nanohole platform is uniformly pumped by a bulk mode
with high power, which can optically change the index of refraction of the system. A topological
interfacial mode is excited as the signal beam by a 11.4 THz LCP source and carries the input power
Psin and output power Psout

. When the frequency dispersion of the topological waveguide is tuned
via the pump beam, the signal beam can be switched from a topological mode into a leaky bulk
mode, resulting in a dramatic decrement of the transmission ηs = Psout

/Psin of the signal beam. As
shown in Fig. 3(b) determined for three bulk modes [Eb1 , Eb2 and Eb3 in Fig. 1(c)] approaching to
slow-light regime, the transmission of signal beam is sharply decreased to 0.1 when the increasing
pump power Pp reaches the threshold. These results indeed realize an active optically controllable
nanoswitch. Specifically, the required switching pump power of Eb3 at slow-light regime is up to 5
times smaller than other two bulk modes.

Based on the unidirectional properties on the bilayer graphene plasmonic waveguide, a chemi-
cally controllable gas molecular sensor is designed as shown in Fig. 3(c). The sensor is composed
of three bilayer regions, where region II is used to detect the NO2 gas concentration C in the envi-
ronment. The lengths of three regions are l1, l2, and l3, respectively, and the corresponding initial
chemical potentials are µ1 = µ2 = µ3 = 0.2 eV. Based on the fact that the chemical potential of
graphene can be tuned via NO2 gas molecular absorption, namely chemical doping, the frequency
dispersion of the region II is chemically controlled by the NO2 gas concentration. When a topologi-
cal mode is excited by a 14.16 THz LCP source in region I, the variation of the frequency dispersion
of region II can switch the topological interfacial mode into a leaky bulk mode. Consequently, the
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variation of plasmon transmission ηt = Pout/Pin can precisely indicate the NO2 gas concentration
in the environment, and the result determined for different lengths of region II is demonstrated in
Fig. 3(d). The plasmon transmission steeply decreases to zero when more NO2 gas molecules are
absorbed in region II. Our computational results also prove that the longer the length of region II
is, the larger the slope of transmission curve is.

4. CONCLUSION

We proposed optically and chemically controllable valley-Hall topological plasmon transport in
single graphene nanohole plasmonic waveguides and bilayer graphene plasmonic metasurfaces, re-
spectively, which is further applied on an active optical nanoswitch and an efficient gas molecular
sensor. Specific nanoholes are etched so as to break the spatial-inversion symmetry of the single
graphene nanohole plasmonic crystal and a horizontal shift is introduced to break the mirror sym-
metry of the bilayer graphene metasurface, which in both cases results in a gapped-out Dirac cone
and topological interfacial mode with unidirectional properties. Based on graphene platform with
large nonlinear refractive index and tunable chemical potential, the variation of plasmon trans-
mission on the proposed topological photonic systems is strongly dependent on pump power and
NO2 gas concentration, which indeed realizes an active optically controllable nanoswitch and a
chemically controllable gas molecular sensor.
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